1. The functional capacity of Henle's loop was examined during hypotonic, isotonic and hypertonic extracellular fluid volume expansion. To eliminate a possible role of antidiuretic hormone (ADH) in the alteration of free water excretion, rats with congenital diabetes insipidus were used. The infusion of hypotonic saline resulted in a progressive rise in free water clearance (CHzo) throughout the range of urine flow (V) attained. Similar results were obtained in rats treated chronically with deoxycorticosterone acetate (DOCA). The infusion of isotonic saline (sodium chloride, 154 mmol/l) produced an initial rise in CHzo until V represented 10% of the filtered load, after which CHlo appeared to reach a plateau. The limitation of CHz0 was more marked when hypertonic saline was infused. Medullary and papillary non-urea solute ( N U S ) concentration rose progressively with the increasing concentration of the saline solution infused.
established that the natriuresis which accompanies expansion of the extracellular fluid volume (ECFV) is in part the result of inhibition of proximal tubular reabsorption. Evidence has also been advanced that inhibition of proximal tubular reabsorption, of the degree produced by expansion of ECFV, does not always result in natriuresis (Howards, Davis, Knox, Wright & Berliner, 1968; Wright, Knox, Howard & Berliner, 1969) . This finding has led to the proposal that more distal nephron sites must fail to reabsorb a portion of the sodium leaving the proximal tubule in order for natriuresis to occur. The mechanism for this phenomenon is not known. Initial evidence for the possibility that volume expansion per se may depress distal sodium reabsorption was provided by the experiments of Eknoyan, Suki, Rector & Seldin (1967) . By using clearance techniques, these investigators demonstrated that free water clearance (CHz0), an index of distal sodium reabsorption, was depressed at similar levels of distal delivery when animals whose ECFV had been acutely or chronically expanded were compared with normal animals. Similar observations were simultaneously made by Stein, Abramson, Kahn & Levitt (1967) , and subsequently by Bennett (1969) . Results compatible with this hypothesis were obtained in man by Buckalew, Walker, Puschett & Goldberg (1970) . Studies in dogs and rats with chronically and acutely expanded ECFV (Barton, Lackner, Rector & Seldin, 1972; Rosin, Katz, Rector & Seldin, 1970; Morgan & Berliner, 1969) , however, have questioned the suggestion that volume expansion per se inhibits distal (loop of Henle) sodium reabsorption. Furthermore, the objection has been raised that the diminished rate of CHzo at high rates of urine flow ( V ) reported by Eknoyan et al. (1967) and Stein et al. (1967) may have been the consequence of ADH secretion as a result of deterioration of the animal preparation.
The present experiments were performed to determine with more certainty the effect of volume expansion on the function of the ascending limb of Henle's loop. We have excluded interference by ADH by performing experiments on Brattleboro rats, a strain in which no antidiuretic hormone is detectable (Schnermann, Valtin, Thurau, Nagel, Horster, Fischbach, Wahl & Liebau, 1969) .
M A T E R I A L S A N D M E T H O D S
Male and female Long-Evans rats of the Brattleboro strain weighing 100-250 g were used for the experiments. The animals were housed in individual metabolic cages and their weight, urine volume and the volume of water drunk were measured for 3 4 days before the experiment was performed. In one group of these animals, urine sodium was also measured until the rate of excretion was relatively constant. At that time 5 mg of deoxycorticosterone acetate (DOCA) in oil (Schering) was administered intramuscularly every day at the same time until 'escape' (return of sodium excretion to control values despite the continued administration of DOCA) had occurred and continued until the day of the clearance experiment. The animals were studied 1-3 days after sodium excretion had returned to the base line. All animals were awake and in a restraining cage during the study. Details of the infusion and surgical techniques have been described previously (Martinez-Maldonado, Suki & Schenker, 1969) . [3H]Inulin and, in some animals, p-aminohippurate (PAH) were infused throughout the study for the determination of glomerular filtration rate (GFR) and renal plasma flow (RPF)
respectively. Saline solutions of various concentrations were infused at increasing rates in order to enhance delivery of filtrate to the distal nephron and examine the renal diluting capacity. Before each increase in the rate of infusion, 1 ml of whole blood was withdrawn from the femoral catheter, the plasma separated by centrifugation, the erythrocytes were resuspended in Ringer's bicarbonate solution and immediately transfused into the animal. A total of seven blood samples was collected in all animals. Ten to 15 min were allowed to elapse for equilibration after this procedure before urine collections were restarted. Collection periods lasted from 5 to 10 min; occasionally periods were prolonged to permit the collection of at least I ml of urine or shortened to ensure equality of volume administration between groups (see below). Blood pressure was measured by a pressure transducer attached to the femoral artery catheter. The following groups of animals were studied:
Group 1 (hypotonic saline). Six rats were infused with sodium chloride (38.5 mmol/l) at 62.5, 100 and 150 pl/min followed by sodium chloride (77 mmol/l) at 200,375 and 500 pl/min; 10-15 min. were allowed for equilibration at each level of infusion, followed by a 30 min period during which collections were made.
Group 2 (isotonic saline). Six rats were handled exactly like those in group 1 except that sodium chloride solution (1 54 mmol/l) was given throughout the experiment. In addition, the length of each infusion was shortened so that at the end of the experiment the total volume of isotonic saline represented one-half that of hypotonic saline administered to group 1.
Group 3 (hypertonic saline). Six rats received sodium chloride (342 mmol/l) at rates of 25-375 pl/min. Two rats received sodium chloride (855 mol/l) at rates of 8.34-200 pl/min. The total volume of sodium chloride (342 mmol/l) administered was adjusted to approximately half of that given to group 2 at the end of the experiment. The animals infused with 855 mmol/l sodium chloride received a total volume equalling one-third that given to rats receiving isotonic saline.
Group 4 (DOCA rats). Six rats receiving DOCA as outlined above received hypotonic saline as in group 1.
In three additional rats in each of groups 1, 2 and 3, plasma proteins were measured by refractometry. These animals were handled exactly as described above.
At the conclusion of the experiment, the rats were lightly anaesthetized with ether and their kidneys removed. Cortical, outer medullary and papillary tissues from both kidneys were pooled, placed in pre-weighed bottles and analysed for water content and tissue non-urea solute concentration as previously described (Eknoyan, Suki, Martinez-Maldonado & Anhalt, 1970) . Sodium and potassium in plasma, urine and tissue extract were determined by flame photometry; osmolality was measured by an Advanced Osmometer. Inulin in plasma and urine was determined in a Packard liquid-scintillation counter and PAH by AutoAnalyzer.
The following calculations are used throughout:
where U,,, = urine osmolality ; Po,, = plasma osmolality and Y is urine flow rate.
Free water clearance (CHz0) = V -C,,,
where UN, is urine sodium concentration and PNa is plasma sodium concentration.
Fractional urine flow = V/GFR x 100 Fractional CHlo = CHz0/GFR x 100 Fractional sodium excretion (FEN,) = CNJGFR x 100 (4)
Delivery to the ascending limb may be estimated from VfGFR x 100 or from [CN,+ cH20]/ GFR x 100. CHlo is an index of sodium reabsorption in the loop and C,, is indicative of the amount of sodium that failed to be reabsorbed in the loop. Therefore their sum will approximately equal total sodium delivery to the loop.
RESULTS
The mean values for GFR, PAH clearance (CPAH), sodium excretion (VN,V), plasma sodium (PNa) and potassium (PK) concentration and blood pressure before saline infusion and at the end of the experiment may be seen in Table 1 . Filtration rate increased by 0.45, 0.41 and 0.12 ml/min in groups 1,2 and 3 respectively. In the DOCA-treated group, initial GFR was higher than in the other groups and fell by 0.22 ml/min after hypotonic saline. Effective renal plasma flow increased by 2.9 and 1.7 ml/min in groups 1 and 2; it was unchanged in group 3. Plasma sodium dropped in groups 1 and 4 receiving hypotonic saline and rose in the groups receiving isotonic and hypertonic saline. Plasma potassium was essentially unchanged in all groups. Potassium excretion increased significantly only in the group receiving DOCA. Sodium excretion increased to a comparable degree in the two groups receiving hypotonic saline (groups 1 and 4) and to a greater extent in the groups receiving isotonic or hypertonic saline (groups 2 and 3). There was no appreciable change in mean arterial blood pressure in any of the groups before and after the saline infusions.
In order to compare the degree of extracellular fluid volume expansion achieved in each group, the total amount of sodium infused is expressed as the equivalent volume of isotonic saline. This calculation assumes that approximately half of the hypotonic saline infused moves intracellularly, that isotonic saline does not allow the movement of water into the cells, and that hypertonic saline draws intracellular fluid into the extracellular compartments. Therefore, not only the total amount of sodium but approximately the total amounts of water in the extracellular fluid are at least comparable in the groups, as indicated in Table 2 . Volume expansion was comparable in groups 1 and 4 and slightly higher in groups 2 and 3. Furthermore, as may be seen from Table 3 , the plasma protein concentration in three rats of each of groups 1,2 and 3 was similar before and after the infusion of hypotonic, isotonic or hypertonic saline.
A representative experiment from each group is shown in Fig. 1 . Infusion of hypotonic, isotonic or hypertonic saline increased urine flow (V) in all experiments. (To facilitate comparison between individual animals and between groups, Vand CHZo are expressed as a fraction of the GFR. From here on, however, fractional V and fractional CHl0 are referred to as V and CHl0 in the text. Plots of the absolute values are qualitatively similar to those of the fractional ones.) In groups 1 and 4, CHzo rose as a linear function of V throughout the range examined without reaching a maximum. During isotonic saline infusion (group 2) CHlo rose with increasing V until the latter represented about 10% of the filtered volume. Thereafter V continued to rise but CHz0 did not change significantly. A similar observation was made during the infusion of hypertonic saline (group 3), except that in this group the rise in free water clearance was usually maximal when Vrepresented 5% of GFR, after which it dropped. The relationship between CHlo and V for all experiments in groups 1 , 2 and 3 is shown in Fig. 2 . It is clear that during isotonic saline infusion C,,, is depressed as a function of V, as compared with hypertonic saline diuresis. The relationship between fractional sodium excretion (FEN,) and fractional V for all experiments in groups 1,2 and 3 is shown in Fig. 3 . In the upper panel are plotted the data comparing groups 1 and 3. Statistical analysis of the data reveals that there is a significant difference between the slope and intercept (P <0.001) for each group of values. Therefore, at any level of V attained, fractional sodium excretion was higher during hypertonic than during hypotonic saline. The difference between group 2 and group 3, in which FEN, at the end of the experiment was comparable, is shown in the centre panel. At any level of fractional V, FEN, appears to be higher in group 3 than in group 2. The same is true for the regression lines of groups 1 and 2.
-

Group 2 (rat 4) (i satonic so I ine) The results of the experiments where chronic volume expansion was induced by the administration of DOCA are summarized in Fig. 4 and Fig. 5 . The infusion of hypotonic saline to chronically expanded rats resulted in changes in CHzo as a function of V, and in fractional sodium excretion (FEN,) as a function of CHzo plus C,, corrected for GFR, similar to those in group 1. Table 4 summarizes the results of tissue analyses for NUS concentration. There was no difference in NUS of medulla or papilla in group 1 as compared with group 4. NUS in medulla and papilla of group 2 was higher than in groups 1 and 4. NUS in medulla and papilla of group 3 was higher than in all other groups. The water content of medulla and papilla was similar in all groups. Although the percentage wet weight of papilla was lower in group 3 than in all others, the difference was not statistically significant. 
DISCUSSION
Although studies of the renal diluting capacity of the unanaesthetized, restrained rat have been previously reported from this laboratory (Martinez-Maldonado et a/., 1969 ; Eknoyan, Martinez-Maldonado, Suki & Richie, 1970), this is the first study in which the effect of isotonic and hypertonic volume expansion have been examined in this preparation. Furthermore, because of the congenital absence of ADH in the Brattleboro rat, it has been possible to examine renal diluting capacity despite rises in PNa.
The observed decrease in CHz0 and increase in FEN, (as a function of V) with isotonic and hypertonic expansion as compared with hypotonic expansion suggest that the reabsorptive capacity of the loop of Henle or a more distal nephron site, such as the collecting duct, was reduced. The impairment in sodium reabsorption may be due either to volume expansion per se or to increase in serum sodium concentration. The mechanism whereby volume expansion inhibits tubular reabsorption of sodium is not entirely clear. In the proximal tubule, alterations in peritubular hydrostatic and oncotic pressures may play an important role (Bressler, 1961 ; Earley & Friedler, 1966; Lewy & Windhager, 1968) . Evidence has been advanced that increased hydrostatic pressure in the renal vasculature might also influence reabsorption by the loop of Henle (Buckalew et a/ . 1" * Differences in water contents between any of the groups were not statistically significant.
sodium reabsorption has not been eliminated (Brenner, Falchuk, Keimowitz & Berliner, 1969) . Renal plasma flow increased to the same extent in groups 1 and 2, whereas arterial blood pressure did not change and was similar in both groups. In group 3, renal plasma flow and arterial blood pressure did not change. The degree of ECFV expansion achieved was comparable in all groups; furthermore, in the animals where it was examined, plasma protein concentration at the end of the experiment was not different between groups. It is unlikely, therefore, that changes in plasma oncotic pressure or renal haemodynamics alone are responsible for our present findings. The participation of a humoral agent in the depression of CHlo and the rise in FEN, observed in the present experiments cannot be assessed from these data. The capacity of the distal nephron to reabsorb sodium might also be influenced by plasma sodium concentration (Goldsmith, Rector & Seldin, 1962; Kamm & Levinsky, 1965) . It is possible that hyponatraemia stimulates, whereas hypernatraemia inhibits, sodium reabsorption by the tubules (Goldsmith et al., 1962) . Studies by Kamm & Levinsky (1964 have shown that hypernatraemia may alter tubular sodium reabsorption. As seen in Fig. 6 , a relationship between CHzo and PNa cannot be discerned in our experiments with hypotonic or 342 mmol/l sodium chloride infusion. A significant correlation was found in the isotonic and 855 mmol/l sodium chloride experiments, but here CHzo actually rose as PNa rose. Although hypernatraemia may have contributed to the depression of sodium reabsorption, it is not likely to have been solely responsible for the depression of CHz0 formation. In addition, Eknoyan et al. (1967) did not find any effect of plasma sodium concentration in the range where most of our experiments fell on the relationship of CHzo to V.
The rise in medullary and papillary NUS makes it difficult to attribute the changes in CHlo during isotonic and hypertonic saline infusion to inhibition of the ascending limb alone. Reduction in sodium reabsorption in this nephron segment might be expected to result in unchanged or reduced interstitial NUS concentration. The increased NUS suggests that whatever effects physical factors, renal haemodynamics, humoral factors or changes in plasma ionic composition may have exerted on the renal tubule, these operated beyond the ascending limb. It is conceivable that the diminished fractional sodium reabsorption observed in the present experiments resulted from inhibition of sodium reabsorption in the collecting duct. This, associated with some enhancement in water back-diffusion, could have resulted in the diminished CHzo at any level of V seen in groups 2 and 3.
The results obtained in DOCA-treated rats also mitigate against the suggestion of a direct effect of volume expansion per se on the loop of Henle. Chronic administration of mineralocorticoids leads to volume expansion (Clinton & Thorn, 1943) , which may be accompanied by depressed proximal (Wright et al., 1969) or distal tubular reabsorption (Willis, Schneider, Lynch & Knox, 1972) . Furthermore, a reduction in CHzo (Eknoyan et al., 1967) and a greater natriuresis have been observed after saline infusions when DOCA-treated dogs are compared with normal animals (Eknoyan et al., 1967; Wright et al., 1969) . This has led to the suggestion that inhibition of reabsorption in the ascending limb of Henle's loop is also present. No difference in CHz0 or FEN, or tissue NUS, however, could be detected between DOCA-treated Brattleboro rats (after escape) and normal Brattleboro rats when the ECFV was expanded with hypotonic saline (Fig. 5) . Similar results have been obtained by Barton et al. (1972) and Barton, Rector & Seldin (1969) in the dog.
The possibility that enhanced back-diffusion contributes to the reduction in CHlo had to be considered in the present studies in view of the results obtained from the tissue analysis. The concentration of NUS in the medulla and the papilla of each group of rats is shown in Table 3 and indicates that medullary and papillary NUS concentration was higher in group 2 and group 3 rats than in rats infused with hypotonic saline (groups 1 and 4) and greater in group 3 (hypertonic saline) than in group 2 (isotonic saline). The osmotic gradient that would result between the hypotonic urine entering the collecting duct (Clapp & Robinson, 1966 ) and the medullary interstitium could have led to water abstraction from the collecting duct, despite the absence of ADH. Evidence of significant water reabsorption from the collecting duct in the Brattleboro rat has been obtained in a recent study by Schnermann et QI. (1969) . These investigators have demonstrated that, while the ratio of early distaI tubular to plasma (TF/P) inulin concentration is 5.9, urine-to-plasma inulin ratios are approximately 14. In rats with diabetes insipidus, fluid remains hypotonic to plasma through the entire length of the distal convolution and changes in TF/P inulin in this nephron segment are trivial (Gottschalk, 1964) ; therefore abaut 12% of the water entering the collecting duct is reabsorbed even in the absence of ADH.
Further support for this suggestion may be inferred from the studies of Jamison, Buerkert & Lacy (1971) . These investigators found that in the Brattleboro rat the osmotic gradient across the collecting duct epithelium was higher during water diuresis than during antidiuresis. Furthermore, the fractional reabsorption of water in the collecting duct is greater in the absence of ADH than in antidiuresis. Raising the osmotic gradient across the collecting duct, therefore, might lead to enhanced water back-diffusion even at high rates of flow. In summary, infusions of isotonic and hypertonic saline solutions enhance sodium excretion, raise medullary NUS concentration and depress CHzo when compared with hypotonic saline. This constellation of findings can best be explained by increased sodium reabsorption in the loop of Henle, enhanced back-diffusion of water in the collecting duct and decreased sodium reabsorption at this site. 
